Mineral processing requires large amounts of water, but, often in the remote locations of many mines, sufficient fresh water frequently cannot be supplied. Therefore, recycling of water is important in mineral processing and enhancing the efficiency of the liquid-solid separation and dewatering steps in mineral processing wastewater treatment is critical. The objectives of the study were to evaluate the effect of anionic flocculant dosage and sludge recycling (SR) on solid removal and sludge dewaterability. Different combinations of the flocculant dosage with and without SR were applied in a mineral-processing wastewater treatment pilot plant. Increasing the amount of flocculant dose of 1.1% v/v (flocculant solution to wastewater) did not significantly decrease the turbidity of the treated water, while the combination of a flocculant with SR increased the zeta potential. Increasing flocculant dose adversely affected dewaterability, although the dewaterability of the 0.6% v/v flocculant-treated sludge significantly increased after aging of the sludge. Sludge recycling was effective for increasing the dewaterability, and a flocculant dose of 1.1% v/v with SR led to formation of large flocs that were stable during aging and sonication.
Introduction
Mineral processing separates valuable minerals from ores, and includes the use and transport of water throughout the treatment stages. Flotation, a common and valuable process for mineral separation, is conducted with water containing 25-35 wt % solids and consumes 1.9-3.0 m 3 of water per ton of ore processed [1] . Mineral processing requires large volumes of water, but the availability of water in the areas where minerals are processed is generally limited. Therefore, reducing water consumption and recycling water on site is critical for mineral processing.
Mineral-processing wastewater includes pollutants such as solid particles, heavy metals, and residual chemical reagents [2] . During the treatment of mineral-processing wastewater, various techniques are applied to remove the pollutants. Coagulation and flocculation can be used for solid/liquid separation. Coagulation-flocculation process is regarded as one of the most important and widely used treatment processes of industrial wastewater [3] and raw water [4] due to its simplicity and effectiveness. Coagulation involves neutralization of the surface charge on solid particles by addition of ionic chemicals, adsorption by counter-ion, and electrostatic screening. Flocculation refers to bridging together of particles using organic polymers that adsorb to the particles [5] . Because mineral-processing wastewater contains suspended solids, coagulation and flocculation are important steps in treating the water. The coagulation and flocculation processes not only work to remove suspended solids, but also enhance the removal of heavy metals in treated water [6] . However, the residual chemical reagents remaining in wastewater or on the solids can be contaminants. Therefore, an optimal amount of chemical reagent should be added in the wastewater treatment process. Sludge recycling to the flocculation process is beneficial for solid settling and subsequent dewatering in part due to using residual coagulation and flocculation chemicals in the sludge [7] . It is also known to enhance the efficiency of turbidity reduction in low-turbidity raw water [8] .
In mineral-processing wastewater treatment, sludge settling and dewatering is critical for recycling of water, which affects the efficiency and cost of mineral processing and wastewater treatment [9] . Therefore, this study was focused on enhancement of solid/liquid separation in the recycling of mineral-processing wastewater. Laboratory experiments to optimize the dosage of the flocculant used to reduce the turbidity of recycled wastewater showed that increasing the flocculant dosage did not reduce turbidity [10] . However, laboratory scale results are not always repeated at pilot and full scale, so a pilot scale study was required. The objective of this study was to evaluate the most effective process for treating mineral-processing wastewater, in particular, the dose of flocculant needed at pilot scale and the benefits of sludge recycling.
Materials and Methods

Mineral-Processing Wastewater Treatment Pilot System
The mineral-processing wastewater pilot system was constructed at a molybdenum mine in Jecheon, Republic of Korea. The pilot system comprised a particle separation unit, a wastewater tank Large particles in the mineral-processing wastewater were separated using a particle size separator and a cyclone, and the wastewater was then transported to a wastewater tank. From this tank, wastewater was pumped by a 0.37 kW, 0.2 m 3 /min pump to a static mixer. The required dose of flocculant was supplied to the static mixer using a static pump. The dose of flocculant was calculated based on the amount of flocculant added per the amount of sludge treated. The flocculant was composed of 35% sodium 2-propenoate 2-propenamide polymer, 35% water, 2.5% polyoxyethylene lauryl ether, 25% aliphatic/cyclo aliphatic hydrocarbon, and 2.5% sorbitan monooleate (anionic polymer flocculant, SNF Korea, Seoul, Korea). After flocculation in a reaction tank, the slurry was transported to a settling tank having a 3 h liquid retention time. After settlement for 3 h, the slurry was pumped out for dewaterability test. 
Characterization of the Mineral-Processing Wastewater
Mineral-processing wastewater from the molybdenum mine processing facility was sampled and the pH and electrical conductivity (EC) were measured using a portable pH and EC meter (HQ40d, HACH, Loveland, CO, USA). Turbidity of the wastewater exceeded 800 NTU and could not be measured without a dilution step. Cations and anions in the wastewater were analyzed using inductively coupled plasma atomic emission spectroscopy (Ultima2, HORIBA, Kyoto, Japan) and ion chromatography (881 compact IC Pro, Metrohm, Herisau, Switzerland), respectively, after filtration (<0.45 µm).
Wastewater Treatment Operating Conditions
The mineral-processing wastewater was not acidic and did not contain high amounts of heavy metals; so solid/liquid separation was the major issue in the treatment of the mineral-processing wastewater (Table 1) . To optimize the solid/liquid separation and dewatering efficiency, the flocculant dosage (v/v % flocculant/wastewater) was adjusted to 0.0%, 0.6%, 0.7%, 0.8%, or 1.1% and the treated water and sludge under each condition were tested to obtain values of the water quality parameters and dewatering efficiency, respectively. The flocculant was mixed with the mineral-processing wastewater at 90 rpm. To test the effect of the sludge recycling, some sludge was transported to a static mixer with pump (20 L/min × 1 HP) in cases with pilot batches with 0.7% and 1.1% flocculant dosage. 
Characterization of the Mineral-Processing Wastewater
Wastewater Treatment Operating Conditions
Characterization of Treated Water and Sludge
Supernatant was collected from the settling tank; and pH, EC, and turbidity were measured on site. The pH and electrical conductivity (EC) were analyzed using a portable pH and EC meter and turbidity Sustainability 2018, 10, 3069 4 of 10 was measured using a portable turbidity meter (2100Q, HACH). The zeta potential of the treated water was analyzed using a zeta potential analyzer (Zetasizer, Malvern, UK). Sludge samples were collected in two 2 L polyethylene bottles using a sludge pump after 3 h of settlement in a settling tank. One bottle was analyzed soon after sampling and the other bottle was stored for two months to test the stability of the flocs formed. Because dewatering requires more time than the wastewater treatment process, and because the capacity to store sludge from the settling tank is limited in full scale plant, sometimes the settled sludge could not be dewatered immediately after wastewater treatment. If sludge could not be transported to a dewatering facility, it was transported to a storage tank and stored there for several months in full scale plant. Therefore, the dewaterability of the stored sludge was tested. Sludge samples were well mixed, settled for 21 h, and supernatant was decanted. The remaining sludge was analyzed for dewaterability. The water content was analyzed by measuring the sludge weight before and after drying of the sample in an oven at 90 • C for 24 h. The floc size of the sludge was determined using a laser diffraction particle size analyzer (HELOS, Sympatec, Clausthal-Zellerfeld, Germany). The particle size distribution of the sludge was analyzed before and after sonication for 3 min, to evaluate the stability of the flocs.
The specific resistance to filtration (SRF), which is used to measure sludge dewatering properties, was determined by vacuum filtering sludge and measuring the filter volume and time for filtration [11] . Specific resistance was calculated using Equation (1) . A higher SRF value indicates sludge that is more difficult to dewater. Sludge samples were analyzed after two months of storage for viscosity, moisture content, particle size, and SRF according to the procedure described above.
Results and Discussion
Treated Water Quality
There are no standards for wastewater recycled after mineral processing. Instead, the treated water quality was evaluated based on the discharge water and stream water quality standard, Republic of Korea [12] . Although the pH of the discharge water is not regulated by law, the acceptable pH range for stream water is between pH 6.5 and 8.5. The pH of the treated water slightly increased compared to that of the mineral-processing wastewater, and was slightly higher than the standard for stream water. However, increasing amount of flocculant addition slightly decreased the pH and the pH of the water treated with 1.1% SR was in a pH range that was acceptable. The carboxylate groups of the anionic flocculant are ionized when sludge pH is high, which might lead to decreased pH with 1.1% flocculant addition.
Toxic metal concentrations in the untreated wastewater were below the limit of detection used. Therefore, the study was focused on the removal of solid particles ( Table 1 ). The removal of solid particles and the stability of the particles in suspension were measured by turbidity and zeta potential, respectively. Increasing the amount of flocculant and performing sludge recycling, appeared to slightly reduce the turbidity of the treated water indicating that increasing amount of flocculant addition enhanced floc formation; although the turbidity of the treated water was not significantly different (Table 2) . Dash et al. [13] reported that the settling rate of iron ore tailings increased with increasing flocculant dosage up to the maximum adsorption value of the flocculant on the tailings. The zeta potential of the water treated with 1.1% flocculant with sludge recycling (1.1% SR) was close to zero while the zeta potentials for treatment with only flocculant at 0.8% and 1.1%, were the farthest from zero (−19.4 mV to −18.7 mV). The zeta potential is an indication of repulsive interaction among colloidal particles [14] . Flocculation without sludge recycling (0.8% and 1.1% flocculant dose) resulted in suspended solids in the treated water being more stable in suspension than in the case of 0.7% flocculant with sludge recycling (0.7% SR) ( Table 2) . A zeta potential between −10 and +10 mV is regarded as approximately neutral, while zeta potentials greater than +30 mV and less than −30 mV are stable [15] . Therefore, 1.1% of flocculant with sludge recycling (1.1% SR) was the most effective water treatment according to the turbidity and zeta potential of the treated water. Charge neutralization and bridging flocculation are the main mechanisms involved in particle flocculation among differently charged particles and flocculant. It is generally found that the turbidity is lowest (and the flocculant dose is optimal); when the zeta potential is close to zero [16] .
Dewaterability of the Sludge
Sludge dewaterability after wastewater treatment was evaluated by SRF, moisture content, and viscosity of the sludge. Dewaterability as measured by SRF was not directly related to viscosity and moisture content of the sludge. Dewaterability was slightly improved with sludge recycling. However, without sludge recycling, the SRF increased and was highest with a dosage of 0.8% flocculant (Figure 2 ). This indicates that increasing the amount of flocculant adversely affected dewaterability while the adverse effect was compensated by enhancement from the sludge recycling. Although the sludge recycling compensated for the adverse effect of high flocculant dosage, increasing the flocculant dosage for the combined treatment (flocculant and sludge recycling) did not lead to better dewaterability. Therefore, the combined treatment of 0.7% flocculant with sludge recycling (0.7% SR) was the most effective option in terms of dewaterability. flocculant (Figure 2 ). This indicates that increasing the amount of flocculant adversely affected dewaterability while the adverse effect was compensated by enhancement from the sludge recycling. Although the sludge recycling compensated for the adverse effect of high flocculant dosage, increasing the flocculant dosage for the combined treatment (flocculant and sludge recycling) did not lead to better dewaterability. Therefore, the combined treatment of 0.7% flocculant with sludge recycling (0.7% SR) was the most effective option in terms of dewaterability. The moisture content decreased with addition of 1.1% flocculant, which meant lower boundwater content and thus tightly packed sludge flocs [17] . However, the bound water may not be related to dewaterability and SRF will be influenced not by the bound water, but by the free water. In addition, SRF may be related to the micro-structure of the sludge flocs [18] .
The viscosity of the activated sludge is known to reflect the magnitude of particle interaction in a suspension and to be correlated to dewaterability [18] . However, the viscosity of the mineralprocessing sludge was not related to SRF, which was used to assess the dewaterability of the sludge in this study. The different characteristics of mineral processing sludge in comparison with other sludge might be responsible for the lack of relationship between viscosity and dewaterability in this study. Other experiments on the relationship between sludge viscosity and dewaterability were tested mostly with activated sludge, in which the viscosity changes induced by microbes are important factors influencing dewaterability [19, 20] . The highest viscosity of the sludge treated with 1.1% flocculant might be related to the lowest moisture content, which was caused by sedimentation and compression of the sludge (Figure 2 ). Improving dewaterability is important because it reduces the cost of subsequent treatment and disposal [21] . In the studied mineral-processing facility, annual The moisture content decreased with addition of 1.1% flocculant, which meant lower bound-water content and thus tightly packed sludge flocs [17] . However, the bound water may not be related to dewaterability and SRF will be influenced not by the bound water, but by the free water. In addition, SRF may be related to the micro-structure of the sludge flocs [18] .
The viscosity of the activated sludge is known to reflect the magnitude of particle interaction in a suspension and to be correlated to dewaterability [18] . However, the viscosity of the mineral-processing sludge was not related to SRF, which was used to assess the dewaterability of the sludge in this study. The different characteristics of mineral processing sludge in comparison with other sludge might be responsible for the lack of relationship between viscosity and dewaterability in this study. Other experiments on the relationship between sludge viscosity and dewaterability were tested mostly with activated sludge, in which the viscosity changes induced by microbes are important factors influencing dewaterability [19, 20] . The highest viscosity of the sludge treated with 1.1% flocculant might be related to the lowest moisture content, which was caused by sedimentation and compression of the sludge (Figure 2 ). Improving dewaterability is important because it reduces the cost of subsequent treatment and disposal [21] . In the studied mineral-processing facility, annual operation and maintenance cost comprises 22.3% electricity, 15.7% flocculant, and 60% filter press cost (personal communication). Therefore, reducing the use of flocculant and improving dewaterability will save significant cost for wastewater treatment.
Stability of the Flocculent
The stability of the flocs was evaluated by analyzing the moisture content, viscosity, and SRF after storage of the sludge for two months. Overall, the SRF increased in all treatments and the SRF of sludge treated with 0.6% flocculant was the highest (Figure 3 ). This can be attributed to compaction of the floc with storage. Therefore, in terms of long-term stability of sludge, the treatment with 0.6% flocculant was not effective. Liss et al. [22] reported that flocs of greater age were less hydrated and physically more stable than flocs of lesser age. Disruption of some flocs after aging may release solid particles, which block pores and lead to increased SRF. Storage of the sludge does not affect its moisture content and consequently it is rational that the increase in the SRF was not caused by changes in moisture content. Viscosity of the sample treated with 0.6% flocculant and the sample treated with 0.7% flocculant with sludge recycling (0.7% SR), significantly decreased after two months of storage. Generally, sludge with high viscosity presents low dewaterability. However, in this study, although viscosity decreased, the SRF increased in sludge treated with 0.6% flocculant. The decreased viscosity could be related to the breakdown of aggregates. Changes in the particle size distribution caused by the breakdown of aggregates might have resulted in changes in the mineral sludge rheology. The behavior shown in the 0.6% flocculant treatment is not consistent with the generally reported relationships between viscosity and SRF in aged sludge. Pollice et al. [23] showed that sludge viscosity increased with increasing SRF and with transient sludge growth, which is related to reduction in the suspended solid content. Li and Yang [17] reported that aging might lead to reduced viscosity and that the viscosity was stabilized over all treatments because the adsorption of loosely bound flocculants increased with aging. However, they also reported that a high level of loosely bound extracellular polymeric substances could increase viscosity. Viscosity of the sample treated with 0.6% flocculant and the sample treated with 0.7% flocculant with sludge recycling (0.7% SR), significantly decreased after two months of storage. Generally, sludge with high viscosity presents low dewaterability. However, in this study, although viscosity decreased, the SRF increased in sludge treated with 0.6% flocculant. The decreased viscosity could be related to the breakdown of aggregates. Changes in the particle size distribution caused by the breakdown of aggregates might have resulted in changes in the mineral sludge rheology. The behavior shown in the 0.6% flocculant treatment is not consistent with the generally reported relationships between viscosity and SRF in aged sludge. Pollice et al. [23] showed that sludge viscosity increased with increasing SRF and with transient sludge growth, which is related to reduction in the suspended solid content. Li and Yang [17] reported that aging might lead to reduced viscosity and that the viscosity was stabilized over all treatments because the adsorption of loosely bound flocculants increased with aging. However, they also reported that a high level of loosely bound extracellular polymeric substances could increase viscosity.
Particle Size Distribution of the Sludge
With increase in the flocculant dosage from 0.6 to 0.8%, the particle size distribution of the sludge collected soon after wastewater treatment, shifted toward the coarser fraction (Figure 4a) . However, addition of a small amount of flocculant seemed to prevent floc formation because particles were smaller when 0.6-0.8% flocculant was added, than when flocculant was not used. The particle size distribution of the sludge after treatment with 1.1% flocculant with sludge recycling (1.1% SR) was similar to that of sludge to which no flocculant was added. Sludge recycling was not effective for the formation of large flocs while addition of 1.1% flocculant without sludge recycling significantly enhanced formation of large flocs. Particles in the range 70-100 µm increased with addition of 1.1% flocculant.
Sonication is used to disrupt flocs through cavitation processes [24] . Sonication destroyed the large flocs formed after sludge treatment using 0.8% and 1.1% flocculant, and with 0.7% SR (Figure 4b ). However, sonication did not affect the particle size distribution in sludge treated with 0% and 0.6% flocculant, and with 1.1% SR, which indicates that flocs formed in these sludges were stable compared to flocs formed after other treatments. Overall, flocs could be formed without flocculant or with a small amount of flocculant, and were stable against sonication. Increasing the Sustainability 2018, 10, 3069 8 of 10 amount of flocculant could contribute to the formation of large flocs; however, the flocs were not stable without sludge recycling. The stability of flocs could be related to dewaterability. Large particles with little strength disintegrate easily and they also show low dewaterability. In contrast, small flocs are hard to destroy [25] . Although aging of the sludge further enhanced floc formation, increase in the large particle fraction did not contribute to better dewaterability. More influential factors seem to be change in the proportion of finer particles and particle size distribution. After aging, the particle size distribution changed from unimodal to bimodal, which might cause increased dewaterability. Dewaterability is related not only to particle size, but also to particle size distribution. The addition of flocculant changes the particle size distribution by combining small particles, and thereby affects dewaterability [27] . Therefore, sludge is better to be dewatered soon after wastewater treatment. Decreased specific surface area of the sludge after addition of flocculant can improve dewaterability because resistance to filtration is related to surface drag losses [28] . Sludge with narrow particle size distribution shows relatively low SRF compared to sludge with wide particle size distribution [29] . Although the mean floc diameter of 0.7% SR sludge was the smallest, it showed a narrow particle size distribution compared to other treatments, which might have resulted in the smallest SRF. Floc stability was also evaluated by aging the sludge for two months and then analyzing the particle size distribution. After two months of sludge aging, the particle size distribution of the floc shifted to coarser particles except for sludge treated with 0.6% and 1.1% flocculant (Figure 4c ). In particular, treatment with 0.6% flocculant showed the smallest particle size distribution and the flocs formed were not stable against sonication after aging. Sludge treated with 1.1% flocculant with sludge recycling (1.1% SR) was relatively stable compared to that after other treatments (Figure 4d) . Increase in the proportion of small particles in the sludge treated with 0.6% flocculant after sonication could be related to increase in the SRF after long-term storage. It was reported that dewaterability decreased when supra-colloidal particles (1-100 µm) increased [26] .
Although aging of the sludge further enhanced floc formation, increase in the large particle fraction did not contribute to better dewaterability. More influential factors seem to be change in the proportion of finer particles and particle size distribution. After aging, the particle size distribution Sustainability 2018, 10, 3069 9 of 10 changed from unimodal to bimodal, which might cause increased dewaterability. Dewaterability is related not only to particle size, but also to particle size distribution. The addition of flocculant changes the particle size distribution by combining small particles, and thereby affects dewaterability [27] . Therefore, sludge is better to be dewatered soon after wastewater treatment. Decreased specific surface area of the sludge after addition of flocculant can improve dewaterability because resistance to filtration is related to surface drag losses [28] . Sludge with narrow particle size distribution shows relatively low SRF compared to sludge with wide particle size distribution [29] . Although the mean floc diameter of 0.7% SR sludge was the smallest, it showed a narrow particle size distribution compared to other treatments, which might have resulted in the smallest SRF.
Conclusions
Increasing the flocculant dosage did not necessarily lead to enhanced dewaterability although it may improve flocculation rate by formation of large flocs. Instead, sludge recycling with a smaller amount of flocculant enhanced dewaterability because of the resulting narrow particle size distribution. Therefore, for the long-term stability of flocs, less flocculant should be applied and sludge recycling should be performed. The use of smaller amounts of flocculant and improved dewaterability of the sludge should reduce the cost for recycling mineral-processing wastewater, and thus also make it more environmentally sustainable.
